1. Introduction
===============

Spectroscopic probes can be defined as the reagents that interact with analytes or environmental factors, accompanying the changes of their spectroscopic (absorption, fluorescent, or chemiluminescent) properties; based on such changes the targets can thus be determined.^[@cit1]^ Usually, as shown in [Fig. 1](#fig1){ref-type="fig"}, spectroscopic probes are composed of three moieties: (1) a signal or spectroscopic moiety, whose change in spectroscopic property should be as large as possible upon reaction with the target of interest; (2) a recognition or labeling moiety responsible for the selective reaction with the target; and (3) an appropriate linker to connect the two aforementioned moieties (in some cases the two moieties are directly integrated without any linker).^[@cit1]^ They have been extensively investigated and widely used in many fields because of their high sensitivity and unrivaled spatiotemporal resolution.^[@cit2]--[@cit20]^ Sometimes a molecular event may be visualized directly by the naked eye (for example, the color change of the KI-starch test paper from white to blue reflects the occurrence of the molecular event of I^--^ oxidized to I~2~ by an oxidant). Spectroscopic probes are an old area but always full of activity, because the rapid development of science and technology requires not only new probes for specific purposes (*e.g.*, subcellular imaging) but also the update of current probes with more satisfactory properties. In this mini-review we will briefly discuss the design strategies, response modes, and bioapplications of spectroscopic probes, including their current research status, problems, and possible trends, which may be helpful to those who are interested in this continually growing research area.

![Structure and response mechanism of a spectroscopic probe.](c6sc02500e-f1){#fig1}

It should be pointed out that a comprehensive review on each of the above respects would make the length of the mini-review too long, which is not our aim; moreover, such a kind of comprehensive review has been reported quite a lot already.^[@cit2]--[@cit20]^ Differently from the previous publications, in this mini-review we will only summarize and discuss the advantages and disadvantages (including the existing problems) of spectroscopic probes along the following key links: design strategies, response modes, and bioapplications. To the best of our knowledge, a short but comprehensive commentary and summary from this point of view has not been reported in the literature. Herein, we will make such an attempt according to our experiences, including existing knowledge, which may have important guiding significance for readers.

2. Design strategies
====================

According to the different purposes of detection, there are usually two kinds of strategies available for designing a spectroscopic probe. The former is mainly based on four different chemical reactions, which include: (1) protonation--deprotonation, (2) complexation, (3) redox reaction, and (4) cleavage and formation of covalent bonds; the latter is based on a suitable physical environmental factor, which can be polarity, viscosity, temperature, *etc.* The design strategies are broad, but they are helpful for the reader to understand the essence of spectroscopic probes on the whole ([Fig. 2](#fig2){ref-type="fig"}).

![Design strategies available for a spectroscopic probe.](c6sc02500e-f2){#fig2}

2.1. Protonation/deprotonation-based spectroscopic probes
---------------------------------------------------------

Protonation/deprotonation reactions are mainly used to design spectroscopic pH probes based on H^+^-sensitive groups such as --COOH, --OH, and amino groups, whose protonation/deprotonation can change the charge distribution in the whole molecule, thereby causing spectroscopic alteration ([Fig. 3](#fig3){ref-type="fig"}).^[@cit21],[@cit22]^ Generally, pH probes can achieve accurate pH determination over a range of only about two pH units, that is, p*K* ~a~ ± 1, which, however, can meet the requirement for normal biosystems because of their rather small pH variation.^[@cit2]^ In some cases, pH probes with a wide pH response range are needed, and an effective strategy to design such a pH probe is to assemble several proton acceptors (*e.g.*, N and/or O) in the different positions of a conjugated molecule to form multiple H^+^ binding sites.

![Structures of two pH probes (**1** and **2**) and their responses to H^+^ *via* protonation/deprotonation.](c6sc02500e-f3){#fig3}

For pH probes, the elimination of interferences from commonly coexisting metal ions is a challenging subject, because the typically used pH-sensitive groups, such as --COOH, --OH, and an amino group, also have a strong affinity for them, which may result in complexation and nonspecific response of the probe to H^+^. To overcome this issue and raise the selectivity, the arrangement of proton acceptors in the designed pH probe should not provide a suitable cavity or a convenient formation of five- and six-membered ring complexes for metal ions (*e.g.*, probe **1** in [Fig. 3](#fig3){ref-type="fig"}).^[@cit21a]^

2.2. Complexation-based spectroscopic probes
--------------------------------------------

Complexation reactions are mainly utilized to design spectroscopic probes for metal ions, whose response mechanisms may be explained in terms of a suitable photophysical process like internal charge transfer (*e.g.*, probe **3** ([@cit2]) in [Fig. 4](#fig4){ref-type="fig"}), photoinduced electron transfer, or fluorescence resonance energy transfer. For detailed information about the photophysical processes, the reader is directed to some comprehensive reviews on the subject.^[@cit2],[@cit20]^ However, it should be mentioned that these photophysical processes depend on the energy levels of molecular orbitals, which are often difficult to determine accurately. This may lead to the poor prediction of analytical performance of a designed probe, and sometimes previous experience still plays an important role.

![Complexation-based Ca^2+^ probe (**3**).](c6sc02500e-f4){#fig4}

The complexation-based probes usually show rapid spectroscopic response and good reversibility, and are well suited for monitoring dynamic changes in the analyte concentration.

Because many metal ions have similar coordinating ability and may interfere with each other (*e.g.*, Mg^2+^ *vs.* Ca^2+^, and Na^+^ *vs.* K^+^), how to construct a specific recognition unit for a given analyte is the key issue for designing complexation-based spectroscopic probes. Common strategies available for this purpose include: (a) a matchable ring/cavity size for a given ion (*e.g.*, crown ethers); (b) suitable ligands for the convenient formation of five- and six-membered ring complexes with metal ions, like the probes with an EGTA (ethylene glycol tetraacetic acid) moiety for Ca^2+^; and (c) the hard--soft acid--base principle, such as the soft base of a sulfur atom with a high affinity for the soft acid of Hg^2+^ ions.^[@cit2],[@cit24]^

Besides, it should be noted that complexation-based probes often suffer from the influence of pH because the coordinating ability of the Lewis base donors in the recognition unit depends largely on their protonation states. This is why the pH influence must be examined and a pH buffer is usually needed in detection systems. Otherwise, in the selectivity study it is difficult to make sure that the change in spectroscopic signal is induced by a potential interfering species, or by the pH change that results from the added species.

2.3. Redox-based spectroscopic probes
-------------------------------------

Redox reactions are mainly used to develop spectroscopic probes for analytes with redox properties, such as reactive oxygen species (ROS) and oxidoreductases (these kind of enzymes usually utilize nicotinamide adenine dinucleotide phosphate, NADP, as a cofactor).^[@cit2],[@cit25],[@cit26]^ The response mechanism of these probes is based on the following fact: redox reactions may lead to the inhibition of a photophysical process (*e.g.*, photoinduced electron transfer) or the conversion between a non-fluorescent molecule and a fluorescent one. [Fig. 5](#fig5){ref-type="fig"} shows a typical oxidoreductase probe (**4**), in which the redox reaction with nitroreductase causes a pull--push conversion from the electron-deficient nitro group (a common quencher) to the electron-rich amino one, thereby generating a selective fluorescence off--on response.^[@cit25]^

![Redox-based spectroscopic probe (**4**) for lysosomal nitroreductase.](c6sc02500e-f5){#fig5}

Most ROS have a rather short lifetime and extremely low basal level in biosystems. Moreover, some ROS possess similar strong oxidability, and can produce significant cross-interference. Therefore, developing the probes with fast trapping ability, high sensitivity and selectivity for ROS is a great challenge. Specific cleavage of chemical bonds by ROS has led to the successful design of some spectroscopic probes, but probes with excellent analytical performance are still rare for ROS assays. Similarly, there is a serious lack of ultrasensitive detection of many oxidoreductases, because they usually exist at trace levels in biosystems.

2.4. Spectroscopic probes based on the cleavage and formation of covalent bonds
-------------------------------------------------------------------------------

The cleavage or formation of covalent bonds is used to design spectroscopic probes of various substances (including inorganic, organic or biological substances; *e.g.*, [Fig. 6](#fig6){ref-type="fig"}).^[@cit27],[@cit28]^ Between them, the cleavage of covalent bonds has aroused much interest during the past decade. This type of probe may be designed through the following strategy: a fluorochrome is attached to a quencher *via* a cleavable active bond by virtue of various chemical reactions such as protection--deprotection. The resulting probes often have no or weak fluorescence; upon reaction with an analyte, the active bond in the probe is cleaved and the fluorochrome is released, causing the recovery of fluorescence. Probe **5** ([Fig. 6](#fig6){ref-type="fig"}) is such an example, which has been used to image the change of endogenous γ-glutamyl transpeptidase in cells regulated by a potential anticancer drug of sodium butyrate.^[@cit27]^ The formation of covalent bonds has long been employed in the pre- and post-column derivatizations in chromatography as well as the labeling of biomolecules, but now is mainly utilized to construct the probes for the selective detection of analytes without chromatographic separation, as exemplified by a Cu^+^ probe (**6**).^[@cit28]^

![Spectroscopic probes (**5** and **6**) based on the cleavage and formation of covalent bonds.](c6sc02500e-f6){#fig6}

Probes that are based on the cleavage and formation of covalent bonds usually have higher selectivity and signal/background ratio, when compared to complexation-based probes, which provides an alternate route to the specific determination of analytes. The disadvantages of this kind of probes are their relatively slow reaction rate and irreversibility in most cases,^[@cit29]^ which make them unsuitable for dynamic detection of analyte change.

2.5. Environment-sensitive spectroscopic probes
-----------------------------------------------

Physical environmental factors, such as polarity, viscosity, and temperature, are also often employed to develop spectroscopic probes with environment-sensitive features.^[@cit30]^ If a fluorochrome has a larger dipole moment in the excited state than in the ground state, its energy in the excited state may be lowered *via* the reorganization of nearby solvent molecules. The higher the polarity of the solvent, the lower the energy of the excited state and the larger the red-shift of the emission spectrum. Neutral red belongs to such a fluorochrome, and thus can be used to construct a polarity-sensitive spectroscopic probe for detecting the local polarity in a protein (**7**; [Fig. 7](#fig7){ref-type="fig"}).^[@cit31]^ [Fig. 8](#fig8){ref-type="fig"} shows a viscosity-sensitive fluorescence probe (**8**),^[@cit32]^ whose response mechanism is based on the fact that the viscosity increase inhibits the internal rotation of the probe, which thereby reduces the related non-radiative de-excitation and causes fluorescence enhancement.

![Polarity-sensitive spectroscopic probe (**7**).](c6sc02500e-f7){#fig7}

![Viscosity-sensitive fluorescence probe (**8**) and its response mechanism.](c6sc02500e-f8){#fig8}

Increase of temperature usually results in a decrease in the fluorescence quantum yield, because the non-radiative processes (collisions with solvent molecules, intramolecular vibration, *etc.*) become more efficient at higher temperature. Differently from this phenomenon, an arylboron compound (**9**; [Fig. 9](#fig9){ref-type="fig"}) which was recently proposed as a temperature-sensitive probe,^[@cit33]^ exhibits strong fluorescence at high temperature (*e.g.*, \>50 °C), and more importantly its color changes with temperature. This property of arylboron compounds may be rather useful to develop probes with high fluorescence quantum yields even at high temperature. However, high selectivity for a unique environmental factor (*e.g.*, detecting polarity without interference from viscosity) proves also very challenging.

![Temperature-sensitive probe (**9**) based on emission mechanism change.](c6sc02500e-f9){#fig9}

As can be seen from the above discussion, each kind of probe has its own merits and shortcomings. On the basis of specific practical requirements, how to choose a suitable design strategy for a given analyte/environmental factor is the key issue for a researcher.

3. Response modes
=================

There are three basic kinds of response modes in fluorescence spectroscopy: on--off, off--on, and ratiometric; other modes (*e.g.*, fluorescence anisotropy and lifetime) are also used occasionally.

3.1. On--off
------------

The fluorescence on--off response, also called fluorescence quenching, refers to the decrease of fluorescence intensity of a probe, which can be caused by a variety of processes such as excited state reactions, energy transfer, complex-formation and intermolecular collision. At present, the fluorescence detection and imaging of trace levels of analyte is still difficult and thus attracts much more attention. Because of this, a fluorescence on--off probe shows no obvious advantage in the detection of an analyte due to its high background signal. As shown in [Fig. 10](#fig10){ref-type="fig"}, it is relatively difficult for an analyte at a concentration around its detection limit to cause a detectable fluorescence signal change in contrast to the high background signal.

![Fluorescence on--off response mode. An analyte at a concentration around its detection limit only causes a dull contrast (compare the left two images).](c6sc02500e-f10){#fig10}

3.2. Off--on
------------

The fluorescence off--on response, also called fluorescence enhancement, refers to the increase of the fluorescence intensity of a probe upon reaction. Because of its low background signal, the fluorescence off--on probe has the advantage of high detection sensitivity. As shown in [Fig. 11](#fig11){ref-type="fig"}, an analyte at a concentration around its detection limit can produce a detectable signal change relative to the near-dark background. However, this kind of probe, when compared to the ratiometric probes (*infra vide*), is found to suffer from the influence of several variants, such as probe concentration, instrumental efficiency, and environmental conditions. Therefore, when applied to intracellular analysis, the off--on probes are rather more suited to qualitative analysis due to their higher sensitivity.

![Fluorescence off--on response mode. An analyte at a concentration around its detection limit can produce a sharp contrast (compare the left two images).](c6sc02500e-f11){#fig11}

3.3. Ratiometric
----------------

The fluorescence ratiometric response usually refers to a shift in the emission or excitation spectra of a probe upon reaction with an analyte ([Fig. 12](#fig12){ref-type="fig"}). Based on this shift, a ratiometric measurement can be achieved by calculating the ratio of fluorescence intensities at the two wavelengths. The advantage of ratiometric measurements lies in the ability to eliminating efficiently the interfering influences from many factors (*e.g.*, probe bleaching, changes in focus, variations in laser intensity, *etc.*) by division manipulation, which is very suitable for an accurate quantitative analysis.

![Fluorescence ratiometric response mode.](c6sc02500e-f12){#fig12}

Compared to the off--on probes, nevertheless, ratiometric probes have two drawbacks. The first one is the lower sensitivity, which usually results from the high fluorescence background (from the wavelength shift) and the division manipulation; the second one is the complicated and time-consuming ratio measurement (including data processing).

In addition, the following operations are not recommended: (1) ratiometric measurements are achieved using a mixture of a fluorescence intensity-sensitive probe and a fluorescence intensity-insensitive probe \[because some factors such as the different stability (*i.e.*, concentration change) of the two probes can not be cancelled out as in the case of a single ratiometric probe\]; (2) the ratiometric mode is used for absorbance measurements (because the division manipulation often decreases sensitivity). In fact, absorbance is measured against a corresponding reagent blank, which already eliminates the influences from some common invariants that are encountered in fluorescence.^[@cit34]^

3.4. Others
-----------

In addition, fluorescence anisotropy and lifetime are also used occasionally as a detection mode/signal. For instance, the mass increase of a spectroscopic probe usually raises anisotropy, and this behavior is often employed to investigate the interaction between the probe and an analyte; rare earth metal complexes have a long fluorescence lifetime, and can be used for time-resolved fluorescence measurements to increase sensitivity and accuracy.

4. Bioapplications
==================

Herein we mainly discuss the requirements for the following bioapplications: *in vitro*, cells, and *in vivo*.

4.1. *In vitro*
---------------

The *in vitro* application of spectroscopic probes mostly focuses on the analysis of body fluids, including plasma/serum, urine, cerebrospinal fluid, saliva, *etc.* These body fluids (in particular plasma/serum) contain a large amount of albumin, which usually has to be removed prior to analysis with current spectroscopic methods. Therefore, spectroscopic probes with proteins anti-interference are in urgent demand to achieve direct analysis without pre-separation. Moreover, the availability of some body fluids is rather limited, which requires highly sensitive probes.

4.2. Cells
----------

Imaging and analysis of cells including subcellular organelles has become an important research topic in the last decade. The contents of various substances (ions, reactive oxygen species, amino acids, enzymes, *etc.*) in cells are quite different. For instance, alkali and alkaline earth metal ions such as Na^+^, K^+^, Mg^2+^, and Ca^2+^ normally exist at rather high concentrations (at or over mM levels) except for intracellular Ca^2+^ (about μM levels). Therefore, the major requirement for a reliable analysis of these ions is high selectivity rather than sensitivity. In contrast, for trace substances such as some proteinases and ROS, sensitivity becomes the key demand. Unfortunately, many newly developed probes are still unable to detect related endogenous species at the basal level due to their low sensitivity, and the imaging and detection experiments were only performed by addition of excessive exogenous analyte, which actually seems less significant (certainly such probes are still useful for the study of an analyte\'s function). In a word, the number of probes that can meet the above basic requirements is still limited.

On the other hand, many spectroscopic probes, such as pH probes, can bind with proteins in cells, causing a change in their p*K* ~a~ values and thus a large error in pH measurements. To decrease the microenvironmental influence, the interference from coexisting substances should be studied carefully, and the pH calibration curve in cells (cytosol) instead of in plain buffer solution should be established by using a H^+^/K^+^ ionophore of nigericin^[@cit35]^ for the accurate determination of intracellular pH values. Moreover, in interference studies of a probe, the tested substances and their concentrations should be chosen according to the characteristics of a sample to be analyzed. For cells, common substances (some inorganic salts, glucose, glutathione, some amino acids, *etc.*) often exist at or over mM levels, and these substances should be tested at relatively high concentrations; whereas the other substances, like reactive oxygen species and proteinases, should be examined at their relatively low physiological concentrations. In addition, the photostability of a spectroscopic probe is sometimes overemphasized, because, in fact, cells themselves can not tolerate light irradiation for a long period of time.

4.3. *In vivo*
--------------

The general requirement for *in vivo* analysis is similar to that for cell studies, except for the indispensability of long excitation and emission wavelengths. To realize *in vivo* imaging, probes with near infrared (NIR) fluorescence features are in pressing need, because they have the advantages of deep tissue penetration, and low autofluorescence and biological damage. Current NIR probes are mainly derived from cyanine dyes, which have poor stabilities and high background fluorescence as a result of ready autoxidation and photooxidation. Interestingly, hemicyanines, formed from their precursors, unstable cyanines, have recently been found to still possess near-infrared spectroscopic features and higher stability,^[@cit22]^ which may provide an important molecular platform for developing stable NIR probes.

5. Future perspectives and conclusions
======================================

According to the above discussions and the current status in this field, future researches may focus on the following aspects:

\(1\) Design of chiral spectroscopic probes for the analysis of biological chiral compounds. This area has not yet drawn much attention but is full of challenges.

\(2\) Synthesize spectroscopic probes with long analytical wavelength features (*e.g.*, NIR wavelengths) to increase sample penetration ability and reduce background signal and damage to biological species. Current NIR probes are still far from more practical requirements.

\(3\) Develop *in situ* spectroscopic traps/probes to achieve real-time analysis of unstable species.

\(4\) Prepare spectroscopic probes for the assay of gaseous molecules.

\(5\) Develop sensitive ratiometric probes for the accurate detection of more intracellular substances.

\(6\) Study spectroscopic probe arrays to achieve high-throughput detection.

\(7\) Design excellent two-photon and super-resolution probes to promote the development of corresponding new fluorescent techniques. At present, super-resolution fluorescence analysis is severely restricted by the lack of small molecular probes with high fluorescence quantum yield, anti-bleaching and fast switching properties.

It should be born in mind that the purpose of developing a new spectroscopic probe is for the analysis and detection of a target of interest, therefore the most important evaluation standard is whether the developed probe shows an excellent analytical performance (*e.g.*, high sensitivity, selectivity, and applicability such as good water-solubility for biosystems) or not. On the above basis, the simpler both the design and synthesis of the probe the better. This rule means that a probe even with a long and complicated synthetic route but poor performance would not be a good choice. In contrast, the idea of obtaining a superior probe by either the use of new synthetic chemistry or the smart modification of existing fluorochromes should be encouraged. Regretfully an irrational phenomenon in this field seems to be that excessive attention is paid more to the time-consuming and complicated synthetic methods of a new probe instead of its analytical performance and validated bioapplication.

In summary, we have briefly analyzed the existing problems in several key issues of spectroscopic probes. As can be seen, solving these challenges still needs a long-term and hard effort, but the above discussions may have an important significance in guiding readers, who are ready to promote the steady development of better spectroscopic probes.
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